Calf thymus chromatin was partially deproteinized by 0.6-1 M NaCl extraction. From the shape of the temperature derivative plot of its melting curve, the DNA in each chromatin was resolved into regions of exposed DNA, and DNA still complexed with proteins. The partially deproteinized chromatin was capable of directing in vitro RNA synthesis in an amount proportional to the fraction of exposed DNA. The in vitro RNA transcript was hybridized to denatured calf DNA under hybridization conditions where only RNA's transcribed from repetitive DNA sequences were able to form hybrids. From the results, it is deduced that the in vitro RNA transcripts of 0.6 M NaCl-extracted chromatin after the removal of HI histones plus one-quarter of the non histones may be transcribed from repetitive DNA sequences and those of 1 M NaClextracted chromatin contain more transcripts from the unique DNA sequences.
INTRODUCTION
The HI histone exhibits several structural and functional features which distinguish it from the other histones: the HI histone has been implicated in the condensation of chromatin (1, 2) , and phosphorylated, it may serve as a trigger for cell division (3); in active chromatin, the HI histone is depleted (4,5); it contains a very high proportion of basic amino acids, approximately 251 of the molecule is composed of lysine residues; despite its very basic charge, it is the most readily removed of all histones and can be dissociated from chromatin with 0.6 M NaCl (6).
In the primary subunit structure of chromatin (7,8, and for review, 9), the HI histone is not found in the octamer histone core associating tightly with around 150 base pairs of DNA to form the basic subunit (10) (11) (12) (13) (14) ; rather, it is found in association with C Information Retrieval Limited 1 Falconberg Court London W1V5FG England 40-50 base pairs of DNA located in the periphery of the subunit (15) or between neighboring units in the linker region (16, 17) , with lengths much longer than 50 bases (14) .
In an effort to find out if the DNA associated with HI possesses characteristics different from that of DNA associated with the other histones, calf thymus chromatin was extracted with increasing concentrations of NaCl solution such that histones were removed in a stepwise manner to expose the underlying DNA; the resulting partially deproteinized chromatins were studied by thermal denaturation and rn vitro RNA synthesis. The RNA transcripts were purified, and hybridized to calf DNA immobilized on membrane filters. Finally, the unique-repetitive sequence content of the RNA was deduced from a comparison of the hybridization level of such RNA and the template activity of the chromatin whence the RNA originated.
MATERIALS AND METHODS
Preparation of chromatin: Calf thymus chromatin was isolated from the frozen tissue. Purified chromatin, after sedimenting through 1.7 M sucrose, was dispersed into 0.01 M Tris, pH 8, either by homogenization which does not cause rearrangement of chromosomal proteins (16, 19) or by sonication (2). Homogenized chromatin was used in the present work with the only exception of thermal denaturation of intact chromatin, where sonicated chromatin was used. To avoid intrinsic hydrolytic degradation of the chromosomal proteins, freshly isolated chromatin was used within 6 days of preparation, during which the protein to DNA ratio of chromatin remains constant (2).
Stepwise dissociation of histones from chromatin: Three concentrations of NaCl solutions (0.6 M, 0.8 M, and 1 M) were used to dissociate histones from chTomatin. The method was essentially that of Olenbusch ejt a_^. (6) with minor modifications. The partially deproteinized chroraatin was sedimented from dissociated proteins in NaCl solutions by centrifugation at 39,000 rpm for 24
hours. To avoid co-sedimentation of the dissociated protein aggregates with the sediraenting partially deproteinized chromatin, 1.7 M sucrose in the same concentration of NaCl served as cushions. At the end of centrifugation, the supernatants containing the dissociated proteins were carefully siphoned off and discarded. The pellets were dissolved in the same concentration of NaCl solutions from which they had been pelleted ; the NaCl was then dialyzed out with three changes of 10X volume of 0.01 Tris, pH 8.
Intact chromatin in 0.01 Tris, pH 8, which had undergone similar procedures as the partially deproteinized chromatin served as control sample.
Compositional analysis: Macromolecular content (DNA, histones and non-histones) of chromatin and the deproteinized chromatins were determined as previously described (18) . 
RESULTS
Composition of whole and partially deproteinized chromatin: The protein to DHA ratio of intact as well as 0.6 M-l M NaCl extracted chromatin is presented in Table I . Approximately 15% of total protein originally present in chromatin is removed by each step of extraction; thus after 1 M NaCl extraction, roughly 45% of the total protein is removed from chromatin. For 0.6 M NaCl extracted chromatin, the protein to DNA ratio is independent of the method of preparation; whether ultracentrifugation as described in this report, or gel filtration (25) was used to achieve separation of the dissociated protein, the same protein to DNA ratio was obtained. For 0.8 M or 1 M NaCl extracted chromatin, the protein to DNA ratio, however, varies with the means of protein separation:
ultracentrifugation yields chromatin richer in protein content.
This will be discussed later.
From the above compositional analysis and previous gel electrophoresis study (6), it can be shown that 0.6 M NaCl removes the lysine-rich HI histones completely, and roughly one-quarter of nonhistone proteins; thus the 0.6 M NaCl extracted chromatin contains the arginine histones (H2A, H2B, H3, and H4) but no HI; 0.8 M to 1M NaCl removes increasing amounts of the arginine histones in addition to all of HI histones, but little non-histone proteins. Thus, the 0.8 M and 1 M NaCl extracted chromatin contain not only no HI but also decreasing amount of the arginine histones.
Thermal denaturation profiles of whole and partially depro- Tm of 82°C is due to a DNA-histone complex with a lysine plus arginine/nucleotide ratio of 1.5 (26) and band III with a lower
Tm is due to a DNA-histone complex of a ratio smaller than 1.5.
Band I with a Tm of 65°C is due to free DNA (Fig. le) . Band II is due in part to non-histone protein binding to DNA and in part to weak coupling of melting at the boundaries between free DNA and histone-bound DNA regions or to small gaps of free DNA between adjacent histone-bound segments (27).
From the fractional area under each melting band, it is possible to estimate the fraction of DNA having that specific thermal stability. Table II The area under band II remains around 201 for all the deproteinized chromatins.
Template activities: The template activity of various chromatins were measured by radioactive ATP incorporation under the condition that the template was the limiting factor for ribonucleotide incorporation (Fig. 2a) . Using free DNA template as the standard of comparison (100*), the template activity of the same amount of DNA in chromatin is 181, in 0.6 M NaCl extracted chromatin, 22*, in 0.8 M chromatin, 33*, and in 1 M chromatin, 38* (Table III) . The increase in template activity is not the result of the gradual removal of ribonuclease activity from chromatin because intact calf thymus chromatin isolated by the present procedure contains negligible amounts of ribonuclease activity. When radioactively labeled RNA was incubated with chromatin for up to 24 hours at 37°C, little radioactivity was lost; the same amount of labeled RNA incubated in the presence of ribonuclease was almost completely digested within 10 minutes of incubation.
To obtain the inherent capability of the templates to direct Figure 2a (Fig. 2b) . The percent Vmax/K for various chromatins, using free DNA as the standard (100%), are al- so presented in Table III . Except for intact chromatin, the graphically obtained inherent template capability agrees well with the experimentally obtained values.
For intact chromatin the K and Vmax, obtained from the intercept on the abscissa (-1/K) and ordinate (1/Vmax) in Figure 2b , are different from those of the free DNA. This indicates that the chromatin template binds polymerase less strongly than free DNA (29) and that the rate of transcription is one-quarter that of free DNA.
Intact chromatin has been shown to have one-tenth as many enzyme binding sites, directing RNA synthesis at rates half to one-third that of the free DNA (30) . The K values of the partial chromatins and free DNA are, however, similar (Fig. 2b) , indicating that the nature of the polymerase binding sites are alike; the rates of RNA synthesis directed by the partial chromatins (Vmax) are intermediate between free DNA and whole chromatin.
In Figure 3 , radioactive GTP of the same specific activity re-placed ATP as the radioactivity carrier in the incubation mixture. When free DNA served as template, the levels of radioactive GMP or AMP incorporation into RNA were high and reflected the base composition of calf DNA (31), as has been reported (32).
This indicates that the mode of iji vitro RNA synthesis directed by DNA is symmetrical. When chromatin or the partially deproteinized chromatin served as template, the amount of radioactive GMP incorporation was, however, less than the radioactive AMP incorporation. If one assumes that the partial chromatin, as well as intact chromatin (33, 34, 35) , also directs RNA synthesis symmetrically, the total amount of RNA transcripts from various templates can then be calculated from the amount of AMP and GMP incorporation. The yields of RNA from 100 yg DNA template, also presented in Table III , agree well with the intrinsic template activities estimated from Vmax/K. 
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Hybridization experiments: Hybridization plateaus of RNA transcripts from chromatin, partially deproteinized chromatins and free DNA are presented in Figure 4 . The RNA from chromatin hybridizes to denatured DNA to a saturating level of 11%, the RNA from 0.6 M chromatin to a level of 171, RNA from 0.8 M chromatin to a level of 20%, RNA from 1 M chromatin to a level of 241 and finally RNA from free DNA to a level of 27% (Table IV) When the competing RNA was transcribed from template deproteinized by a higher salt concentration, more hybrids are formed; no additional hybrids are formed when the competing RNA was transcribed from templates extracted with lower salt concentrations (Table IV) . Furthermore, the amount of additional hybrids obtained from the competition experiment agrees with the difference in saturation hybridization levels (Table IV) .
The results in Tables I, II , III, and IV can be summarized in Table III . (36, 37, 39) . The hybridization plateau (column 4) may thus be a measure of the amount of RNA transcribed from repetitive DNA sequences, and with assumptions which will be discussed later, the difference of RNA yield (column 3) and hybridization plateau (column 4) then provides a rough estimate of the amount of RNA transcribed from nonrepetitive DNA sequences (column 5 in Table V) .
DISCUSSION
By analysis of the shape of derivative melting profiles, the DNA in intact chromatin is resolved into four regions: exposed DNA (melting band I), DNA complexed to non-histones (melting band II), and DNA covered by histones to different extents (melting bands III and IV). In partially deproteinized chromatin, more exposed DNA appears as the result of dissociation of histone and non-histone proteins. It can be argued that the exposed DNA segments in partially deproteinized chromatins do not represent the original sites from which histones are removed but are artifacts of extensive histone exchange and rearrangement during NaCl extraction (40) . Histone exchange and rearrangement occur, how-ever, only at NaCl concentrations where a specific class of histories are partially dissociated from DNA such that the dissociated histone molecules, in kinetic equilibrium with the still associated ones, are able to engage in the exchange or rearrangement process; at NaCl concentrations where a special class of histones is completely dissociated or not dissociated at all, histone exchange and rearrangement apparently cannot take place.
When chromatin is dissolved in 0.6 M NaCl, the binding of the lysine-rich HI histones to DNA is greatly diminished so that they are completely dissociated, while the arginine histones still bind DNA with sufficient strength (41) , so that none of them are dissociated; at this salt concentration, neither the lysine-rich nor the arginine histones are able to engage in exchange and rearrangement. The bare DNA regions in 0.6 M NaCl-extracted chromatin thus cannot be the product of histone exchange and rearrangement. In support of this, the protein to DNA ratio in 0.6 M chromatin, as mentioned in the Result section, is independent of the means (gel filtration or ultracentrifugation) by which the dissociated protein is separated from the chromatin; if exchange of proteins occurred in 0.6 M NaCl, gel filtration would have yielded a partial chromatin of lower protein to DNA ratio than ultTacentrifugation. Furthermore, when lysine-rich histones are selectively dissociated from whole chromatin not by 0.6 M NaCl extraction but by their affinity for added tRNA in low salt where no histone exchange or rearrangement can take place, the resulting partially deproteinized chromatin contains free DNA and protein-covered DNA regions in percentages comparable to those in the 0.6 M NaCl-extracted chromatin (42) .
In 0.8 M NaCl, when the lysine-rich histone is completely dis-sociated from DNA, the binding of the arginine histones to DNA begins to be weakened and some are dissociated, exchange or rearrangement of the arginine histone may ensue. In view of the preservation of specific gene transcription in chromatin which has been reconstituted from chromosomal proteins and DNA by dialysis in gradient salt solutions of 2 to 0.4 M (43, 44, 45) , arginine histones dissociated from DNA in melting bands III or IV will be able to recombine with DNA in regions from which they are dissociated.
The concomitant increase of percentage template activity with the percentage of exposed DNA in chromatins suggests that the template for iii vitro RNA synthesis may be the exposed DNA zones, for the DNA in melting bands III and IV decreases in size with increasing concentrations of NaCl extraction and has been shown to be inactive in transcription (28, 49) , and the DNA in melting band II remains rather constant in amount for all chromatins, although there is no direct evidence to exclude the DNA in Band II from the template region. The kind of DNA in Band II, since its percentage remains rather constant for all chromatins, may either remain the same, or in a state of steady flux, e.g., as some DNA in Band II becomes Band I DNA, equal amounts of DNA in Band III and IV become Band II DNA. In the former case, the additional transcripts will be from DNA in Band I; in the latter, the additional transcripts will be from DNA in Bands I and II, both of which appear as results of deproteinization.
From the value of K, the dissociation constant of templatepolymerase complex (Fig. 2b) , the template active regions of partially deproteinized chromatin show the same polymerase binding strength as free DNA. The DNA in melting band I bears resemblance to free DNA, for it not only exhibits the same Tm as free DNA, but also bands at the same position in CsCl density gradients (42) .
Because the percentage template activity of the partially deproteinized chromatin is generally smaller than the percentage amount of DNA in Band I, not all of the free DNA in partially deproteinized chromatin can direct RNA synthesis. The discrepancy seems to occur in 0.6 M chromatin, in which 151 additional DNA is revealed in Band I, yet the increase in template activity is 6-7% (Table V) . For 1 M chromatin, the increase in template activity seems in keeping with the incremental amount of free DNA.
In DNA-RNA hybridization experiments, the transcribed RNA molecules should theoretically be able to anneal to their primer DNA and yield a hybridization level identical in numerical value to the RNA yield of the chromatin. But the present experimental condition of hybridization is such that only RNA transcribed from the repetitive DNA sequences with redundancy in the range of >10 3 copies per genome is able to form hybrids (37,47), those from the unique sequences are not picked up (37) . If one assumes that the DNA template in partially deproteinized chromatin is transcribed with relatively uniform rates of 1 to 4 times the rate of chromatin transcription (Fig. 2b) , e.g., no region is transcribed at much faster rates (10 times or more) than others, the hybridization level may also represent the repetitive sequence in the template. The hybridization level, however, represents the maximum amount of repetitive sequences in the template because of possible mismatching of RNA to repetitive D1JA with similar sequences as the template. Assuming that such mismatching does not occur extensively relative to perfect hybrid formation, the difference of total RNA and hybridization level then provides a mini-mum estimate of the nonrepetitive DNA sequences present.
When intact chromatin serves as template for RNA synthesis, the yield of RNA per 100 yg DNA is 13 \ig (column 3 in Table V) 
